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Temporal restriction of feeding can entrain circadian behavioral and physiological 
rhythms in mammals. These changes in biological rhythms are postulated to be brought 
about by a putative food-entrainable oscillator (FEO) that is independent of the 
suprachiasmatic nucleus (SCN). However, the anatomical substrates and molecular 
machinery of FEO remain elusive. We report here that mice with a nervous 
system-specific deletion of Bmal1, an essential clock component, had a marked deficit 
in entrainment of locomotor activity by periodic feeding, accompanied by reduced food 
intake and subsequent loss of body weight. These mice exhibited a nearly normal 
light-entrainable activity rhythm driven by the SCN, because deletion of the Bmal1 gene 
in the SCN was only partial. These findings suggest that an SCN-independent FEO in 
the nervous system requires Bmal1 and plays a critical role in adaptation of circadian 




When food availability is restricted to a single period scheduled at a fixed time of the 
day [restricted feeding (RF)], animals adapt to this condition within a few days by 
feeding during the period of food availability and increasing food-seeking activity in the 
preceding hours [food-anticipatory activity (FAA)] (Davidson, 2006). Such anticipatory 
behavior is often accompanied by an increase in body temperature, adrenal 
corticosterone secretion, and gastrointestinal motility. These RF-induced biological 
rhythms persist even when the SCN is ablated, indicating the existence of a circadian 
oscillator that is separate from and independent of the SCN. However, the anatomical 
substrate(s) and molecular machinery of the so-called “food-entrainable oscillator 
(FEO)” remains to be unknown. Moreover, despite the well-characterized circadian 
nature of FAA, the involvement of canonical clock genes remains controversial (Challet 
et al., 2009). For example, one study demonstrated that arrhythmic Bmal1-/- mice also 
lack food-entrainable circadian rhythms (Fuller et al., 2008), while another two studies 
reported normal FAA of the same mouse line (Pendergast et al., 2009; Storch and Weitz, 
2009).  
These contradictory results may stem from the facts that Bmal1-/- mice appear 
particularly vulnerable to restricted feeding schedules and markedly reduced mobility, 
likely due in part to impaired glucose homeostasis (Rudic et al., 2004; Lamia et al., 
2008; Marcheva et al., 2010) and the defects of joints and skeletal muscles in these mice 
(Bunger et al., 2005; Kondratov, 2006; McDearmon et al., 2006). These confounding 
factors make it difficult to evaluate food-entrainable circadian rhythms in Bmal1-/- mice. 




Therefore, we examined the food-entrainable activity rhythm of mice lacking 
Bmal1 specifically in the nervous system in order to elucidate whether Bmal1, an 
essential molecular component of circadian clocks, is indispensable or not for FAA, as 
well as to test whether an FEO resides in the nervous system. 
 
MATERIALS AND METHODS 
Animals 
Bmal1wt/fl mice (Storch et al., 2007) and Nes-Cre transgenic mice (Tronche et al., 1999) 
were obtained from the Jackson Laboratory. These mice were backcrossed with 
C57BL/6J at least seven and six times, respectively. Bmal1nl allele was generated by 
crossing Bmal1wt/fl mice with Synapsin I-Cre transgenic mice (provided by Dr. Jamey D. 
Marth of UC Santa Barbara), in which Cre is expressed in male germline cells in 
addition to neurons (Rempe et al., 2006). Male mice, aged 11 to 19 weeks, were used. 
All experimental procedures involving animals were approved by the appropriate 
institutional animal care and use committee of Kanazawa University.  
 
Behavioral Studies 
Spontaneous locomotor activity and food intake were recorded by infrared motion 
sensors to monitor general cage activity (O’Hara). Actogram and χ2 periodogram 
analyses were carried out using ClockLab (Actimetrics). RF experiments were carried 
out according to Storch et al. (Storch and Weitz, 2009). Regular chow was provided in a 
feeder attached on the side of the cage. 
 
In Situ Hybridization 
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In situ hybridization were performed as described previously (Mieda et al., 2006). Per1 
and Per2 expression levels were quantified using “Color Range” command of 
Photoshop (Adobe) as follows. First, the typical color of in situ hybridization staining 
(dark blue) was selected in a representative image. Then the number of pixels 
displaying colors similar to the selected color was counted in the region of interest for 
each image. Calculated values were expressed as percentage of the mean value from 
control mice. 
 
Quantification of Cre-mediated recombination of Bmal1fl allele 
Genomic DNA was extracted from tissues dissected from sections prepared for in situ 
hybridization. Bmal1 and β-actin genomic DNA fragments were amplified and 
quantified by real-time PCR using a LightCycler 480 (Roche). Primers for Bmal1 were 
designed to amplify the Bmal1wt and Bmal1fl alleles but not the Bmal1nl allele. Copy 
number of Bmal1 alleles was normalized to that of β -actin gene. The primer sequences 
and Universal ProbeLibrary Probes (Roche) were: Bmal1 upstream primer, 
5’-TTTTGGGTGCTGGGTTATTC-3’; Bmal1 downstream primer, 
5’-CAGGTTTGGTGGATGTGGAT-3’; Bmal1 probe, #69; β -actin upstream primer, 
5’-AGCCATGTACGTAGCCATCC-3’; β -actin downstream primer, 
5’-TCACAATGCCTGTGGTACG-3’; β -actin probe, #56. 
 
RESULTS 
We generated mice lacking the Bmal1 gene specifically in the nervous system by 
breeding mice with a conditional Bmal1 allele (Bmal1fl) (Storch et al., 2007) with mice 
carrying a Cre recombinase transgene under control of the Nestin promoter, which acts 
 7 
 
selectively in the central and peripheral nervous systems (Nes-Cre) (Tronche et al., 
1999). To improve the efficiency of deletion of Bmal1fl alleles, we generated 
Bmal1fl/nl;Nes-Cre mice, hereafter designated N-Bmal1-/- mice, which carry one flox (fl) 
and one null (nl) allele so that Cre-mediated inactivation of only one allele is sufficient 
to delete Bmal1 in a given cell. Data were also collected from littermates with the 
genotypes Bmal1fl/nl and Bmal1wt /fl;Nes-Cre (wt: wildtype). Since these two genotypes 
behaved similarly, both were grouped together and referred to as control mice. 
N-Bmal1-/- mice were not behaviorally arrhythmic under constant DD 
condition (Fig. 1A, C). Among 11 mice examined, 4 initially maintained daily pattern of 
spontaneous locomotor activity when they were released into DD, then their rhythmicity 
gradually attenuated, although they still preserved significant circadian periodicity 
during the three weeks in DD (N-Bmal1-/- #1). The remaining 7 appeared almost normal 
(N-Bmal1-/- #2). The mean free-running period during the last 10 days in DD did not 
differ between control and N-Bmal1-/- mice (Fig. 1B), whereas the mean amplitude of 
circadian periodicity during the same period was slightly but significantly lower in 
N-Bmal1-/- mice as compared to controls (Fig. 1C). Considering the pivotal role of SCN 
in the regulation of light-entrainable circadian rhythms, these results suggest that most 
N-Bmal1-/- mice have residual cells in the SCN that retain a Bmal1fl allele. 
 We then used in situ hybridization to evaluate the state of the molecular clock 
in the SCN of N-Bmal1-/- mice (Fig. 2A). We found that Per1 mRNA level in the SCN 
of N-Bmal1-/- mice at CT8, when its expression is peak, on the first day in DD was 
significantly decreased but only by 30.2% as compared to that of control mice. Per2 
mRNA level in the SCN was not significantly different between two groups. To estimate 
the efficiency of Cre-mediated recombination, we further quantified Bmal1wt and 
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Bmal1fl alleles in genomic DNA extracted from control and N-Bmal1-/- mice, by 
real-time PCR (Fig. 2B). As expected, in the SCN, 71.3% of Bmal1fl alleles remained 
nonrecombined in N-Bmal1-/- (Bmal1fl/nl;Nes-Cre) mice as compared to Bmal1fl/nl 
control mice. These results suggest that approximately 70% of SCN cells retain a 
Bmal1fl allele in N-Bmal1-/- mice, which is likely to underlie the fact that N-Bmal1-/- 
mice showed merely slight impairment of circadian rhythmicity in DD. 
 Compared to the SCN, Cre-mediated recombination of the Bmal1fl allele was 
more efficient in other regions of the brain examined (Fig. 2B). As compared to 
Bmal1fl/nl control mice, 15~30% of Bmal1fl alleles remained nonrecombined in 
N-Bmal1-/- mice in the cerebral cortex, striatum, arcuate hypothalamic nucleus (Arc), 
and dorsomedial hypothalamic nucleus (DMH). Thus, the efficiency of Cre-mediated 
recombination of the Bmal1fl allele varies among brain regions in N-Bmal1-/- mice. 
Since the FEO has been supposed to reside outside the SCN, where deletion of Bmal1fl 
alleles may be close to complete, we decided to further examine food-entrainable 
activity rhythm of N-Bmal1-/- mice. 
 Daily total activity in 12:12-h light/dark (LD) condition was not significantly 
different between control and N-Bmal1-/- mice (control mice, 19,327 ± 2,374 counts, n = 
8; N-Bmal1-/- mice, 13,963 ± 2,322 counts, n = 6; p = 0.141 by unpaired Student’s t-test). 
Similarly, body weight was comparable between control and N-Bmal1-/- mice at 15 
weeks of age (control mice, 26.7 ± 0.9 g, n = 11; N-Bmal1-/- mice, 25.4 ± 1.0 g, n = 6; p 
= 0.367 by unpaired Student’s t-test). Thus, N-Bmal1-/- mice mostly avoided the 
drawbacks of Bmal1-/- mice when studying food-entrainable circadian rhythms, such as 
extreme hypoactivity and growth retardation. 
According to Storch et al. (Storch and Weitz, 2009), we adopted a gentle 
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temporal food restriction (RF) paradigm, which is reported to avoid vulnerability of 
Bmal1-/- mice to a sudden reduction in the duration of food availability. Consistently, no 
N-Bmal1-/- mice, as well as control mice, died or became sluggish in the current study. 
Locomotor activity in control mice started to exhibit a significant increase during the 2 
hours preceding food availability (FAA) on day 4 under RF, which reached a plateau on 
day 8 (Fig. 3A, B). In clear contrast, acquisition of FAA was markedly delayed in 
N-Bmal1-/- mice. They did not exhibit significant FAA until day 13 (Fig. 3A, B). 
Emergence of FAA was associated with a reduction of daily activity in the dark period, 
which was also delayed in N-Bmal1-/- mice as compared to control mice (Fig. 3C). 
Taking these findings together, entrainment of circadian activity rhythm by feeding was 
markedly attenuated in N-Bmal1-/- mice as compared to controls, suggesting that Bmal1 
expression in the nervous system is critical for prompt and efficient entrainment of 
activity rhythm by feeding. 
In order to evaluate the circadian nature of daily rhythmicity induced by RF, 
we further recorded the activity of mice for two days, immediately following 15 days of 
RF, under food deprivation and constant darkness, where the effects of both light and 
feeding as zeitgebers were eliminated (Fig. 3A). On these days, control mice showed 
increased activity during the food anticipation period (FAA), sustained increased 
activity during the expected feeding period, and then reduced activity to the level in the 
pre-FAA period. Although N-Bmal1-/- mice also exhibited an increase in activity during 
both the food anticipation period and expected feeding period, the increases were 
significantly attenuated as compared to those in control mice, especially on Fast day 2 
(Fig. 3A, B). More importantly, in contrast to control mice, N-Bmal1-/- mice showed a 
further increase in activity after the expected feeding period (Fig. 3A). Activity counts 
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during the 3 hours after food availability (CT9-12) was 37.8 ± 9.0% and 163.7 ± 40.6% 
of those during the expected feeding period (CT6-9) in control and N-Bmal1-/- mice, 
respectively, on Fast day 1, and 40.6 ± 14.1% and 224.3 ± 60.3%, respectively, on Fast 
day 2. These results suggest that the apparent FAA in N-Bmal1-/- mice, whose 
acquisition was delayed under RF as compared to controls, is driven largely by 
non-circadian mechanisms. 
 Daily food intake did not differ significantly between control and N-Bmal1-/- 
mice under ad libitum feeding (ALF) (Fig. 3D). Under RF until day 3, there was a 
similar reduction in food intake to approximately 30% of ALF intake (Fig. 3D). This 
result suggests that control and N-Bmal1-/- mice respond similarly to acute fasting and 
have comparable desire for food. However, while control mice rapidly restored their 
food intake to reach 80~90% of ALF intake on day 7 to day 15, N-Bmal1-/- mice failed 
to efficiently restore their food intake and ate approximately 30% less than control mice 
until day 15 (Fig. 3D). Accordingly, when control mice had restored body weight to the 
state under ALF on day 13, N-Bmal1-/- mice continued to lose body weight (Fig. 3E). 
These results suggest that Bmal1 expression in the nervous system is essential for 
metabolic aspects of adaptation to RF. 
 We next evaluated the states of the molecular clocks in the brain of N-Bmal1-/- 
mice by in situ hybridization. Previous studies demonstrated that RF entrains and shifts 
the circadian expression of clock genes in several non-SCN regions of the brain and 
peripheral tissues, whereas rhythmicity in the SCN remains phase-locked to the external 
light/dark cycle (Damiola et al., 2000; Stokkan et al., 2001; Wakamatsu et al., 2001; 
Mieda et al., 2006; Moriya et al., 2009). Thus, we next studied Per1 and Per2 mRNA 
expression rhythms entrained by feeding in several brain regions of N-Bmal1-/- and 
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control mice using in situ hybridization. Mice were housed under RF for 7 days in LD 
condition, and then fasted on the following day in DD. We collected brains on the 
fasting day at CT20 and CT8, when Per1 and Per2 mRNA expression is reported to 
show trough and peak levels, respectively, in many brain areas. As previously reported, 
Per1 and Per2 mRNA levels were higher at CT8 than at CT20 in the cerebral cortex, 
striatum, and the compact part of the DMH of control mice under this condition (Fig. 4). 
These diurnal patterns of expression were observed also in N-Bmal1-/- mice. However, 
diurnal oscillation of Per expression in the brain was attenuated in N-Bmal1-/- mice as 
compared to that in control mice, especially in the striatum and the compact part of the 
DMH. These results suggest that food-entrainment of Per1 and Per2 expression 
rhythms are attenuated, at least in several regions, in the brain of N-Bmal1-/- mice, 




In the present study, we have shown that Bmal1 expression in the nervous system is 
necessary for prompt entrainment of circadian activity rhythm by temporally-restricted 
feeding. Our observations further suggest that the locus of FEO(s), or at least those 
regulating locomotor activity and food intake, is in the nervous system outside the SCN, 
which complements classical experiments showing that lesions of the SCN do not 
abolish food-entrainable circadian rhythms. In addition, the absence of FEO in the 
nervous system impairs adaptation of food intake and regulation of body weight under 
RF, underscoring the physiological importance of the FEO and food-entrainable 




 Although they failed to show entrainment of locomotor activity to feeding in a 
prompt manner, N-Bmal1-/- mice still exhibited significant FAA after two weeks of RF. 
FAA in N-Bmal1-/- mice, as well as feeding-entrained rhythms of Per1 and Per2 mRNA 
in their brain, might be driven by residual cells in the nervous system having 
nonrecombined functional Bmal1fl alleles (i.e. somatic mosaicism), by Bmal2 (a paralog 
of Bmal1)(Shi et al., 2010), and/or by Bmal1 outside the nervous system. Circadian 
mechanisms without canonical clock machinery may be also involved (Hastings et al., 
2008). This delayed component of FAA, however, seems to include non-circadian 
mechanisms, since N-Bmal1-/- mice responded to food deprivation following RF with a 
further increase in locomotor activity after the expected feeding period, in clear contrast 
to the response of control mice to the same condition. The non-circadian nature of FAA 
exhibited by Bmal1-/- mice was also manifested clearly by the fact that it can be 
entrained to periodic food availability with periods shorter than the circadian range, 
such as 15 h, to which FAA of wildtype mice cannot be entrained (W. Nakamura, 
personal communication). 
It is well known that animals respond to food deprivation by increased 
locomotor activity (Yamanaka et al., 2003), and this fasting-induced hyperactivity is 
likely to be involved in the non-circadian mechanisms of FAA. This view is also 
supported by our observation that N-Bmal1-/- mice were losing body weight when they 
started to exhibit FAA. Since fasting-induced hyperactivity should critically depend on 
the internal status of energy balance and Bmal1-/- mice demonstrate impaired glucose 
homeostasis (Rudic et al., 2004; Lamia et al., 2008; Marcheva et al., 2010) and a 
considerable decrease of adipose tissue (Kondratov, 2006), FAA observed in these mice 
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may be a direct response to fasting that is enhanced as compared to wildtype mice, as 
discussed by Pendergast et al (Pendergast et al., 2009). Possible contributions of 
homeostatic and other cues to FAA have been also argued thoroughly by Fuller et al 
(Fuller et al., 2009). 
These findings suggest that at least two independent elements are likely to be 
involved in the expression of FAA; (i) A clock gene-dependent mechanism, which 
resides in the nervous system, but independent of the SCN, (ii) A clock 
gene-independent mechanism, which could involve a machinery that responds to fasting 
and other homeostatic information, and/or neural mechanisms involved in subjective 
time perception. 
Mammalian circadian organization at the whole-organism level has been 
thought to be multioscillatory in nature; multiple circadian clocks exist in almost all 
neural and nonneural tissues and are entrained to the master clock in the SCN under 
ALF. Thus, reciprocal interactions among multiple clocks throughout the body 
including the SCN seem very important for determining temporal patterns of animals’ 
behavior and physiology. Importantly, suppressive effects of SCN-derived signals on 
FAA have been suggested (Acosta-Galvan et al., 2011). In Bmal1-/- mice, the absence of 
all circadian clocks throughout the body may enhance the emergence of FAA regulated 
by non-circadian mechanisms. In contrast, N-Bmal1-/- mice retain circadian clocks in 
peripheral tissues and the SCN, which may force the non-circadian FAA to play only a 
minor role in the adaptation of activity rhythm to RF. Thus, as discussed by Pendergast 
et al. (Pendergast et al., 2009), Bmal1 may be an important molecular component of the 
wildtype FEO, while in the absence of Bmal1 the mechanism regulating the expression 
of FAA becomes an interval timer. 
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 In conclusion, Bmal1-containing circadian clocks in the nervous system, 
which reside outside the SCN, are important for adaptation of not only activity rhythm 
but also food intake and body weight regulation to periodic feeding. Our observations 
justify approaches based on canonical clock genes to find anatomical substrates of the 
FEO. In addition, N-Bmal1-/- mice will provide an excellent model to study the roles of 
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Fig. 1. SCN-driven light-entrainable activity rhythm is only slightly attenuated in 
N-Bmal1-/- mice. (A) Representative locomotor activity of one control and two N-Bmal1-/- 
mice. Animals were initially housed in 12:12-h light/dark (LD) conditions and then 
transferred to constant darkness (DD). Figure shows typical examples of activity rhythm 
of N-Bmal1-/- mice. Timing of LD cycle is indicated by horizontal bar above each record; 
dark bars indicate lights off, and open bars indicate lights on. (B, C) Periodogram 
estimates of free-running period (B) and circadian amplitude (C, power from 
periodogram analyses) of control (black bars) and N-Bmal1-/- mice (white bars) during 
the last 10 days in DD. In (C), value of each individual mouse is dot-plotted. *, p < 0.05 
by unpaired Student’s t-test. Values are mean ± S.E.M. (n = 12 for control, n = 11 for 
N-Bmal1-/- mice) 
 
Fig. 2. Bmal1 function is mostly retained in SCN of N-Bmal1-/- mice. (A) Per1 and Per2 
mRNA expression levels in SCN of control mice (black bar) and N-Bmal1-/- mice (white 
bar) at CT8 determined by in situ hybridization. *, p < 0.05 by unpaired Student’s t-test. 
Values are mean ± S.E.M. (n = 5). Representative images are shown on the right. Scale 
bar: 200 µm. (B) Efficiency of Cre-mediated recombination of Bmal1fl allele. Amounts of 
Bmal1wt and Bmal1fl alleles were quantified by real-time PCR and normalized to those of 
β-actin gene. A pilot analysis of genomic DNA extracted from tails (shown in leftmost 
field) of Bmal1wt/wt (black bar), Bmal1wt/nl (gray bar), and Bmal1nl/nl (white bar) mice 
confirmed the specificity and quantitative performance of amplification. Genomic DNA 
extracted from SCN, cerebral cortex, striatum, Arc, and DMH of Bmal1wt/fl;Nes-Cre 
(black bars) and Bmal1fl/nl (gray bars) control mice and N-Bmal1-/- mice (white bars) was 
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subjected to similar quantitative PCR. *, p < 0.05 by unpaired Student’s t-test vs 
Bmal1wt/nl mice (tail) or Bmal1fl/nl mice (brain tissues). Values are mean ± S.E.M. (n = 3 
for tail analysis, n = 4 for Bmal1wt/fl;Nes-Cre mice, n = 3 for Bmal1fl/nl mice, n = 6 for 
N-Bmal1-/- mice). Ctx, cerebral cortex; Str, striatum. 
 
Fig. 3. Entrainment of circadian activity rhythm and food intake by periodic feeding is 
markedly delayed and attenuated in N-Bmal1-/- mice. (A) Hourly plots of locomotor 
activity of control and N-Bmal1-/- mice under ad lib feeding (ALF) or on the indicated day 
under restricted feeding (RF) or fasting following RF. Activity counts are expressed as 
percentage of daily total. Note that FAA during fasting days appears to be reduced 
substantially as compared to day 15 under RF due to this normalization. The period of 
food availability and expected period of food availability under fasting are shaded in dark 
and light gray, respectively. Black and white bars on top of each graph represent times of 
lights off and on, respectively. (B) Time course of development of FAA in control and 
N-Bmal1-/- mice. The daily percentage of locomotor activity allocated to a 2-h time 
interval, ZT4-6, is shown. (C) Time course of reduction of activity during dark period. 
(D) Time course of change in daily food intake. Data shown are normalized to body 
weight. (E) Time course of change in body weight. Data are expressed as percentage of 
body weight under ALF. *, p < 0.05 control vs N-Bmal1-/- mice at each time point by 
unpaired Student’s t-test; #, p < 0.05 vs mean value under ALF in control mice; +, p < 
0.05 vs mean value under ALF in N-Bmal1-/- mice by paired Student’s t-test. For (B) to 
(E), effects of genotype and time point, as well as interaction of genotype and time point, 
were all significant (p < 0.05) by two-way repeated-measures ANOVA. Values are mean 





Fig. 4. Food-entrainable rhythms of Per1 and Per2 mRNA expression are attenuated in 
the brain of N-Bmal1-/- mice. (A) Per1 and Per2 mRNA levels. Brains from control mice 
(black bars) and N-Bmal1-/- mice (white bars) were collected at CT20 and CT8 on the first 
day of food deprivation in DD following 7 days under RF in LD. Per1 and Per2 mRNA 
levels were determined by in situ hybridization. Data are expressed as percentage of 
mRNA level at CT8 in each region in control mice. *, #, p < 0.05 for effect of sampling 
time point in each genotype (*) and effect of genotype (#) by two-way factorial ANOVA 
followed by post hoc unpaired Student’s t-test. Values are mean ± S.E.M. (n = 7 and 5 for 
control and N-Bmal1-/- mice, respectively at CT8, n = 4 and 3 at CT20). (B) 
Representative images. Expression in the compact part of the DMH is indicated by white 
arrowhead. ec, external capsule; me, medial eminence; ml, molecular layer of the cerebral 
cortex; 3v, third ventricle. Scale bars: 200 µm. 
 




